Abstract. A comprehensive theoretical calculation that couples space-and velocityfocusing is developed for optimizing the design of a time-of-flight (TOF) mass spectrometer. Conventional designs for ion sources of TOF mass spectrometers deviate from the optimal condition because the velocity-and space-focusing conditions are considered separately for two ions with simplified equations. The result of a reexamination taking into account all essential ions reveals that the conventional ion source design, especially the length of the ion extraction region, results in poor resolving power. The comprehensive calculation demonstrates that the resolving power increases when the length of the extraction region is shorter than that of the conventional ion source. A numerical analysis indicates that the resolving power dramatically increases when the effective extraction potential compensates for the initial kinetic energy spread of ions. With typically used extraction potentials, the newly optimized ion source improves the resolving power by more than two orders of magnitude compared with the conventional design. This new theoretical interpretation can also be used to predict the optimal extraction potential and extraction delay in conventional ion sources to substantially improve the resolving power. This comprehensive calculation method is effective not only for designing new highresolution instruments but also for optimizing commercial products.
Introduction
T he time-of-flight (TOF) mass spectrometer is the simplest mass spectrometer that can provide a high mass resolving power. This type of instrument is a good compromise between relatively expensive Fourier-transform mass spectrometers (e.g., FT-ICR and Orbitrap) and low performance quadrupoles. The first step of ion separation in a TOF mass spectrometer is the conversion of a predefined potential energy of the ions to the same kinetic energy [1] . The ions then travel across a long field-free drift tube before reaching an ion detector. While ions with different mass-to-charge ratio (m/z) have various velocities, the traveling time of different ions from the ion source to the detector is different. The total flight-time (t) is used to calculate the corresponding m/z. The capability of TOF mass analyzers to resolve ion signals depends critically on the initial position and velocity spreads of ions in the ion source region.
The mass resolving power (R m ) of TOF mass spectrometers is the capability to distinguish the spectral features of ions in either the mass or the time domain. It is defined as the ratio of the mass (m) to the width of the mass spectral feature or as the ratio of the flight time to twice of the flight-time spread (Δt) [1] found. The optimal configuration is typically predicted first by optimizing the dimension of the ion source to obtain the maximum t for a specific flight distance [2] . The second step is minimizing Δt of isobaric ions caused by different starting conditions to achieve velocity-focusing. The most effective method of minimizing Δt is by delayed extraction (DE), which is performed by using a two-stage extraction field of an ion source invented by Wiley and McLaren [3] . The theoretical interpretation of DE can be used to predict the optimal starting conditions to compensate for the Δt caused by the spatial spread of ions [4] . In addition to DE, reflectrons or ion mirrors installed in the drift tube also compensate for the spread of initial velocity (or kinetic energy) to achieve velocity-focusing [5, 6] . Another design that uses electric sectors to make ions circulate a periodic path also offers enhanced R m of TOF mass spectrometers [7] . However, the drawback of using reflectrons or electric sectors is a reduced mass spectrometric sensitivity because decomposed and divergent ions cannot contribute useful signal.
Optimization of R m in modern TOF mass spectrometers mainly focuses on the surface ions produced by laser desorption ionization (LDI) and matrix-assisted laser desorption/ionization (MALDI) [3, 5, 6, [8] [9] [10] [11] . The initial kinetic energy spread or the temperature distribution of LDI-desorbed materials is one of the most important parameters to determine Δt. The deviation of the starting position of ions in LDI is normally neglected since most ions are produced on the same surface-plane. In such instruments, the space-and velocity-focusing are typically considered separately to simplify the calculation [3, 9, 11] . The simplification is generally accepted because simultaneous space-and velocity-focusing is presumably unfeasible [6] . To the best of our knowledge, the accuracy of the simplified calculation model has not been thoroughly discussed. For further improvement in the analytical performance of TOF mass spectrometers, reexamination of R m with a comprehensive theoretical calculation is necessary.
This work couples space-and velocity-focusing in a comprehensive calculation of R m to optimize the design of TOF mass spectrometers. By optimizing the length of the ion extraction region of two-stage ion sources, the proposed calculation achieves a high R m . The calculation results show the conventional design of the extraction region deviates considerably from the true optimal condition. The new predictions indicate that the R m obtained with the new source configuration when using the same extraction potential is two to three orders of magnitude better than that in the conventional design. A major advantage of the new design is that an ultrahigh resolving power can be achieved with a linear TOF mass spectrometer. Since this simple design does not require a reflectron, it ensures high quality spectra without compromising the sensitivity. This comprehensive calculation is useful not only for designing high-resolution TOF mass spectrometers but also for optimizing existing instruments.
Experimental

Theoretical Considerations
The ion source of TOF mass spectrometers typically consists of three electrodes to produce two electric stages, as schematically shown in Figure 1 . The three electrodes are sequentially a sample, an extraction, and a ground electrode. The first electric stage is located between the sample and the extraction electrodes. This stage, which is typically defined as the extraction region, pushes the ions on the sample surface or within this region to the second stage. In LDI ion sources, the ions are typically produced on or very near the sample surface. The second electric stage, which is defined as the acceleration region, is located between the extraction and the ground electrodes. The ions gain most of their kinetic energy within this region because of the high electric potential. The ions immediately enter the fieldfree drift tube and move with a constant kinetic energy after leaving the second electric stage. The extraction length (s 0 ) is the variable to be discussed in this study. The acceleration length (d) and the field-free drift tube length (D) are fixed arbitrarily at 10 and 2330 mm, respectively. The calculation is based on the typical operating conditions for commercial MALDI-TOF mass spectrometers. The potential of the sample electrode is fixed constantly at +25 kV, and the drift tube is fixed at ground potential. This condition ensures that the kinetic energy of the ions within the drift tube approximates 25 keV. Since the instrument is operated in DE mode, the potential of the extraction electrode remains identical to that of the sample electrode during ion generation. Its potential instantaneously decreases by 1250 V after an extraction delay (τ), which pushes the ions moving along the potential in the extraction region (V s ) and in the acceleration region (V d ). This reference condition corresponds to a V s of 1250 V and a V d of 23750 V, which are comparable to the recommended values for commercial products. The electric field is derived by dividing the electric potentials by the length of the corresponding region (i.e., E s = V s / s 0 and
All calculations were performed using commercial software (Mathematica 10, Wolfram Research, Champaign, IL, U.S.A.).
In LDI, ions are generated on the sample surface by a short pulse (typically less than 5 ns) laser beam. Assuming two ions with the same m/z leave the surface with different initial velocities, they arrive at two different positions after τ. As illustrated in Figure 1 , the white ion with an initial velocity of υ 0 arrives at a distance of s 1 from the extraction electrode, and the black ion with an initial velocity of υ 2 arrives at a distance of s 2 from the extraction electrode. The white ion is defined as the reference ion, and the extraction delay τ can be written as τ ¼
Conventional Space-and Velocity-Focusing
The conventional space-and velocity-focusing refers to the experimental condition that maximizes t and minimizes Δt, respectively [3] . In this scenario, the spacefocusing condition is always optimized first under the following condition
in which s is the initial position of ions. Equation 1 thus determines the optimal value of s 0 , which is used to construct the ion source. After determining s 0 , the velocity-focusing condition is optimized with dt dυ j υ¼υ 0 ¼ 0 in which υ is the initial velocity of ions. According to the kinetic theory of gases, the average initial velocity ( υ) can be estimated by the mass (m) and the temperature (T) of the ion
in which k is the Boltzmann constant. Assuming the ions have an initial temperature of 1700 K [12] [13] [14] [15] [16] [17] , the ion population with a certain average velocity in one dimensional space can be described by the Maxwell-Boltzmann distribution [16] [17] [18] [19] [20] [21] as follows:
in which N represents the number of ions, υ i is the initial velocity of the ions, and υ is the average velocity of all ions. Typically, the spread of the initial velocity (Δυ) of the ions is estimated using the two ions at the boundary of the full width at half maximum (FWHM) of the ion velocity profile (see Figure S1 in Supplementary Material). The Δυ can then be derived as
Because the reference ion is defined as the faster ion in Figure 1 , υ 0 and υ 2 correlate with υ þ Δυ 2 and υ− Δυ 2 in the velocity profile, respectively. However, if only these two ions are considered, the resulting resolving power is overestimated because other ions within the Δυ interval increase Δt, as discussed further below.
According to the definition, the total flight-time t is the total time that the ion spends in the extraction (t s ), the acceleration (t d ), and the field-free drift tube (t D ) regions. The flight-time can be calculated from the corresponding potential energy, the initial ion energy, and the electric potential of every region. In the extraction region, the total kinetic energy obtained by an ion can be expressed as
in which E 0 is the initial kinetic energy of an ion desorbed from the sample surface, U s is the potential energy of the ion obtained from the extraction field, and q is the charge of the ion. With DE, the new starting positions of the ions (s 1 and s 2 for the reference and the black ions, respectively) after τ must be used, and the time that the ion spends in the extraction region is
After entering the acceleration region, the ion gains further potential energy (U d ), which results in an overall kinetic energy of
and the time the ion spends in this region is
After leaving the acceleration region, the ion travels at a constant velocity. The time spent crossing the drift tube is t D
Thus, t is generally expressed by combining Equations 3-5
Considering the space-and velocity-spread, t becomes a function of s and υ. The flight-time of an ion relative to the reference ion can then be expanded into a Taylor series as follows:
in which s 1 and υ 0 are the new starting parameters of the reference ion after DE. By using the starting parameters (s 2 and υ 2 ) of the black ion in Equation 7 , the Δt between the two ions can be derived as
According to the definition, the full expression of R m is 
This equation resembles the prediction by Wiley and McLaren considering two gaseous ions in the extraction region moving in opposite directions but at the same initial velocity [3] . In this case, velocity-focusing is the suitable condition to compensate for the turn-around time of one ion with respect to another. In this calculation, the problem is that an experimental condition that satisfies Equation 1 obtains a nonzero value for dt dυ Δυ. This is known to cause the condition that simultaneous space-and velocity-focusing are unattainable [6] . Since the conventional calculation is inaccurate, R m must be reexamined using a comprehensive expression for Δt.
Comprehensive Calculation of Mass Resolving Power
The comprehensive calculation restores important terms in Equation 9 and couples the space-and velocity-focusing conditions. The limitation of this method is that the current computational resources do not enable numerical analysis of Δt with its full expression in Equation 8 . When the calculation is performed with predefined V s and V d , the relative contribution of six major components in the denominator of Equation 9 vary with the extraction length, and the contribution of the high order terms increases as the molecular weight increases. Table 1 shows the calculation results obtained for protonated 2,5-dihydroxybenzoic acid (DHB) with a m/z of 155 and a temperature of 1700 K. To mimic the conventional space-focusing condition, Equation 1 is used to obtain an s 0 of 13.5 mm. Notably, the selected temperature is only a rough estimate and must be adjusted according to the experimental conditions [12] [13] [14] [15] [16] [17] .
The optimization method proposed in this study finds the best value for s 1 , which is then used to determine τ. Although R m can also be optimized by changing the υ, the initial velocity υ of ions cannot be controlled precisely and is not used in this study. After a thorough examination, Δυ are preserved to determine the s 1 in the table.
The optimal value for s 1 results in the minimum value for Equation 10 . According to the conventional space-focusing condition (s 0 = 13.5 mm), the optimal value of s 1 is Table 1 . The Δt value is negative if the flight-time of the reference ion is longer than that of the black ion, but the final R m is still calculated using the absolute value of Δt. Notably, the broadening of the spectral features caused by the response of the ion detector and its electronics is excluded in this calculation.
Results and Discussion
Two-Ion Condition
The impact of s 0 on the R m is roughly estimated by using the Δt of the two ions, which have velocities of υ þ Figure S1 . When s 0 is 13.5 mm, the Δt is roughly 12.45 ns (Table 1 ) and the resultant R m is 561.55. The R m improves as s 0 decreases while the extraction potential is kept unchanged. Notably, the calculation result shows that two optimal s 1 values provide a high R m for protonated DHB with the selected s 0 and V s . Figure 2a shows that this finding is evidenced by the two intersections between the parabolic curve and the white reference line when s 0 is 10 mm. The reference line represents the condition of protonated DHB with a temperature of 1700 K, which corresponds to a υ 0 of 878 m/s (or a υ of roughly 524 m/s). The first R m maximum, which has a value above 5.75 × 10 6 , occurs at the s 1 of 8.54 mm or at the τ of 1651 ns. The second maximum occurs when s 1 is 4.45 mm, but it corresponds to a τ of 6321 ns, which is much longer than the condition that is normally utilized.
Although this suggests that R m can be controlled by adjusting τ, the same s 0 and V s cannot provide a good R m for InsB ion with the same υ 0 because, as Figure 2b shows, the parabolic curve for InsB does not intersect with the reference line. This distinction is a critical limitation when optimizing the condition for heavy ions, and the effect is even larger when s 0 is large.
When s 0 decreases to 8.0 mm, both the DHB and InsB parabolic curves shift upward. Figure 2c and (Figure 2c ). For InsB, the first and second R m maxima are 3.56 × 10 6 and 1.08 × 10 6 when s 1 is 4.83 and 3.27 mm, respectively (Figure 2d ), which correspond to τ values of 3611 and 5387 ns, respectively. These calculation results indicate that decreasing the extraction length (and hence increasing extraction field) improves the R m of heavy ions.
Notably, the curves indicate that the R m is mass-or energysensitive. Therefore, the optimal s 1 value for heavy ions is inapplicable to light ions because, as reported in the literature, the desorbed materials from the MALDI reaction have roughly equal values for υ [17, 22, 23] . In such a case, ions that have different masses but are traveling at the same initial velocity result in different E 0 (i.e., higher mass ions exhibit higher E 0 ). For instance, the typical E 0 of DHB at 1700 K is around 0.22 eV and can be compensated by the extraction field (V s = 1250 V) used in this calculation. However, the same velocity yields an E 0 of 4.96 eV for InsB, which cannot be compensated by the same extraction field. When the s 0 value is decreased to 8.0 mm, the parabolic curve for InsB shifts upward. Therefore, a high R m is again available. This implies that the most important factor when determining R m is the spread of the initial velocity (or initial kinetic energy).
All Ions Within the FWHM of Velocity Spread
As mentioned previously, the ions with initial velocities within the υ AE Δυ 2 interval do not necessarily result in smaller Δt than the two-ion condition. Based on the calculation method developed from the two-ion cases, the most precise estimate of R m can be obtained by considering all ions within the υ AE Δυ 2 interval. For a reliable R m value, the largest Δt within this velocity interval (which results in the lowest R m ) must be found. Figure 3a shows that when s 0 is 13.5 and 12.0 mm, the Δt decreases linearly as the initial velocity of the second ion increases from υ− Δυ 2 to υ þ . The calculation results are verified by using commercial electro-optics simulation software (e.g., SIMION 8.1) under the same conditions in Figure 3 . When s 0 is above 10 mm, the results obtained by the SIMION simulation (see Supplementary Figure S2a ) agree perfectly (with <1% difference) with those of the comprehensive calculation. For s 0 values of 10-7 mm, some deviations between the two results appear. The deviations are within 5% in the case of 10, 9, and 7 mm and become approximately 31% in the case of 8 mm (see Supplementary Figure S2b ). The deviations are presumably due to the limitation of the precision of SIMION and the numerical analysis software used for the comprehensive calculation (e.g., Mathematica). Although the deviation in the case of 8 mm does not seem to be negligible, the exact time difference between the two calculations is indeed only 0.011 ns. It should be emphasized that the electro-optics simulation is only used for confirmation because it is unable to perform numerical analysis to find the optimal s 0 and s 1 . The subsequent numerical analyses are still performed by using the comprehensive calculation method.
One important finding in the comprehensive analysis is that the maximum Δt obtained with shorter s 0 is always smaller than the conventional space-focusing condition. The decline in Δt is large when the relationship has a parabolic shape. Figure 4 shows that R m sharply increases when s 0 decreases from 12.0 to 10.0 mm for DHB ions with 1700 K. This ion condition corresponds to an E 0 of 0.22 eV. The R m peaks at roughly 200,000 when s 0 is 8.0 mm and then slowly declines when s 0 further decreases. The conventional space-focusing condition surprisingly provides the lowest R m in this analysis, which is 
Impact of Initial Kinetic Energy
Based on the new calculation, the R m can be analyzed systematically to evaluate the impact of experimental parameters. A critical variable is the initial velocity υ 0 used to define E 0 . The υ 0 can be varied when the laser energy changes. Equation 2 indicates that increasing the temperature of DHB from 850, 1700, 2550, to 3400 K increases the υ 0 from 370, 524, 640, to 739 m/s, respectively, which correspond to the E 0 of 0.11, 0.22, 0.33, and 0.44 eV, respectively. Figure 5a One property of the new optimal parameters is that the τ values are larger than those under the conventional condition. Figure 5b shows the corresponding τ used in Figure 5a , which is calculated according to the relationship τ ¼
. The τ for the high R m found with the s 0 of 8.0 mm is roughly 1600-1900 ns, and the value is insensitive to the change of E 0 . These delays are only approximately 1-2 times longer than the τ when s 0 approaches the conventional space-focusing condition.
Optimization Under Conventional Space-Focusing Condition
Although the comprehensive calculation suggests that the s 0 determined by the conventional calculation (s 0 = 13.5 mm) provides an incorrect focusing condition, an R m comparable to the optimal value obtained above is still achievable by adjusting V s . For instance, when s 0 = 13.5 mm, the maximum R m of an ion with an E 0 of 0.22 eV increases from 562 to 202581 when V s increases from 1250 to 1750 V. The R m value stabilizes near 75,000 when the extraction potential exceeds 3000 V. Figure 6a shows the change in the R m of such ions (i.e., DHB at 1700 K) for different extraction potentials. The large increase in R m near 1500 V and its decline at roughly 1750 V suggest that the optimal region is very narrow. The corresponding τ used to obtain the result shown in Figure 6a is also derived and displayed in Figure 6b . The result indicates that under this experimental condition, R m is optimal when τ is roughly 933 ns.
The calculation result implies that a high R m is available for most s 0 values, provided that V s is adjustable in a wide range. However, the best s 0 value still depends on the practical limitation of the instrument, e.g., the voltage rating and the intrinsic Figure 4 . The predicted optimal resolving power for various extraction lengths as calculated using Equation 9 . The initial kinetic energy of ions is 0.22 eV, corresponding to the protonated DHB at a temperature of 1700 K delay (typically in the range of hundreds of ns) of the DE circuit. Although a low voltage DE circuit can be used with a small s 0 value, the optimal τ may be shorter than the intrinsic delay of the circuit, and a high R m is unavailable. The calculation method discussed in this study can predict the best ion source design considering most limitations.
Conclusions
This study comprehensively calcuated mass resolving power by coupling space-and velocity-focusing. The comprehensive interpretation of the flight-time spread reserves most essential terms to ensure the highest accuracy. The systematic analyses show that the calculation conventionally used to design ion sources of TOF mass spectrometers deviates from the true optimal condition. For a given extraction potential, reducing the length of the extraction region improves the resolving power. The optimal extraction length predicted using the comprehensive calculation increases the resolving power by 2-3 orders of magnitude. Commercial electro-optics simulation software is unable to predict the optimal extraction length in such analysis. The new calculation method developed in this work can be used to predict the correct extraction potential and delay for conventional ion sources and improve the resolving power. The results indicate that the optimization condition should be adjusted individually in different mass ranges. The method provides a precise theoretical basis for designing highresolution TOF mass spectrometers and correct optimization of commercial instruments. Further developments will be reported in future studies.
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